INTRODUCTION {#s1}
============

Doxorubicin is a commonly used chemotherapeutic agent for the treatment of solid and haematologic tumors. However, its cardiotoxic side effects and the development of severe congestive heart failure limit the application of this potent chemotherapeutic agent \[[@R1], [@R2]\]. The mechanisms of doxorubicin-induced cardiomyopathy remain not fully elucidated. Pathologically, doxorubicin-induced cardiomyopathy was associated with heightened oxidative stress status, apoptosis of cardiac cells, inflammatory response, myocardial fibrosis, metabolism abnormality, DNA damage and mitochondrial damage \[[@R3]--[@R7]\]. Several agents including anti-oxidants, angiotensin-converting enzyme inhibitors (ACEI), angiotensin receptor antagonists (ARB) and dexrazoxan have been employed for the attenuation of doxorubicin-induced cardiomyopathic damage \[[@R8], [@R9]\]. Unfortunately, all of these agents have not yet gained effective enough evidence to justify a routine use. Hence, the search for a safe and effective therapeutic method of preventing doxorubicin-induced cardiomyopathy remains an important issue in both cardiology and oncology.

The renin-angiotensin system (RAS) plays an important role in the pathophysiology of doxorubicin-induced cardiomyopathy, and the inhibition of ACE/AngII/AngII type 1 (AT1) receptor (AT1R) axis has been shown to improve doxorubicin-induced cardiomyopathy \[[@R8], [@R10], [@R11]\]. Traditionally, ACEI and ARB are involved in inhibiting the synthesis of AngII and preventing activation of AT1R. However, the degradation of AngII may also function as regulating AngII levels, especially at a tissue level. ACE2 is considered a potential therapeutic target of RAS for the treatment of cardiovascular diseases due to its key role in limiting the vasoconstrictor action of AngII through its inactivation, and counteracting the actions of AngII through the formation of Ang (1--7), which is reported to have prevented left ventricular fibrosis and dysfunction at the Ang (1--7) or mas receptor \[[@R12]\]. Crackower et al. first reported a severe myocardial contractile dysfunction in ACE2-knockout mice \[[@R13]\]. Our previous study found that ACE2 overexpression attenuated myocardial collagen accumulation and improved left ventricular remodeling and function in a rat model of myocardial infarction \[[@R14]\]. Other studies also reported that ACE2/Ang (1--7) axis played a role in cardiac physiology and in the pathophysiology of heart failure \[[@R15]\].

ACE2, a homologue of ACE, catalyzes conversion of AngI to the inactive nonapeptide Ang (1--9) and conversion of AngII to a vasodilative heptapeptide Ang (1--7), thereby functioning effectively as an endogenous ACE inhibitor \[[@R16]\]. We took the approach of direct injection of ACE2 adenoviral vectors into heart in the current study. Although intramyocardial injection of ACE2 adenoviral vectors may induce myocardial damage when compared with oral drugs \[[@R17]\], little study has been reported about the direct effects of ACE2 gene overexpression on doxorubicin-induced cardiomyopathy. In this study, we hypothesized that ACE2 overexpression may improve cardiac function and decrease mortality of rats with doxorubicin-induced cardiomyopathy, and that ACE2 is superior to ACEI in the treatment of doxorubicin-induced cardiomyopathy. Based on this hypothesis, we determined the effects of ACE2 overexpression via an adenovirus vector or ACEI on doxorubicin-induced cardiomyopathy, including cell apoptosis, inflammatory response, oxidative stress, and myocardial fibrosis.

RESULTS {#s2}
=======

General observations and mortality {#s2_1}
----------------------------------

The general health of the rats was monitored as well as mortality prior to sacrifice during a period of 4 weeks after gene treatment. We found that rats in the Mock and Ad-EGFP groups developed scruffy, light yellowish fur, diarrhea and red exudates around the eyes with grossly enlarged abdomen and ascites. In contrast, rats in the Ad-ACE2 group showed no diarrhea, eye discharge, or ascites, while rats in the Cilazapril group had slight symptoms above.

Of the 170 animals in the treatment group, 10 rats died during the initial 2 weeks of doxorubicin injection and were not included in the survival calculations, as it is considered that mortality at this stage was not a result of cardiac dysfunction, but rather related to peritonitis or toxic systemic effects \[[@R18]\]. As shown in Figure [1](#F1){ref-type="fig"}, 23 of Mock group rats, 24 of Ad-EGFP group rats, 6 of Ad-ACE2 group rats and 15 of Cilazapril group rats died in the 4-week period following the completion of the treatment with doxorubicin, yielding a cumulative mortality of 71.88%, 75.00%, 18.75% and 46.88%, respectively. No death was found in the control group. The mortality of rats in Ad-ACE2 and Cilazapril groups was significantly lower than that in the Mock and Ad-EGFP groups. In contrast, the mortality of rats in the Ad-ACE2 group was lower than that in the Cilazapril group.

![Kaplan-Meier survival curves of five groups of rats after adenovirus injection\
The effect of treatment with Ad-ACE2 or cilazapril on mortality in rats with doxorubicin-induced cardiomyopathy. Survival rate was monitored over a 4-week period following initial adenovirus myocardial injection as compared with Mock and Ad-EGFP groups. \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril. ^&^*P* \< 0.05 vs. Ad-ACE2.](oncotarget-08-24548-g001){#F1}

Efficiency of ACE2 gene transfer {#s2_2}
--------------------------------

Compared with the Mock and Ad-EGFP groups, the mRNA and protein expression levels and the activity of ACE2 were significantly higher in the Ad-ACE2 group 2 weeks after ACE2 transfection, with a slight increase in the Cilazapril group. And these measurements was significantly lower in the Cilazapril group than in the Ad-ACE2 group (Figure [2A--2F](#F2){ref-type="fig"}). The results also showed that ACE2 mRNA and protein expressions and activity were increased in the Mock and Ad-EGFP groups compared with the control group.

![ACE2 expression and activity in 5 groups of rats after gene transfer\
(**A**) ACE2 messenger ribonucleic acid (mRNA) expression was assayed by real time PCR in 5 groups of rats 2 weeks after gene transfer. (**B**) ACE2 activity. (**C**) Western blot analysis of the protein levels of ACE2 in homogenates of myocardium from five groups 2 weeks after gene transfer and (**D**) quantitative analysis of ACE2 protein expression in C. The blot is a representative of three blots from three independent experiments. (**E**) Immunohistochemistry (IHC) analysis of ACE2 of myocardium cross-section from each group rat 2 weeks after gene transfer and (**F**) quantitative analysis of ACE2 positive staining in E. Scale bar: 20 μm. \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril. ^&^*P* \< 0.05 vs. Ad-ACE2. (**G**) Representative hematoxylin and eosin staining of myocardium cross-section in the five groups of rats 4 weeks after gene transfer. Scale bar: 20 μm. N is 8--15 in each group.](oncotarget-08-24548-g002){#F2}

Pathological changes {#s2_3}
--------------------

Analysis of H&E stained sections in the Mock and Ad-EGFP groups of rats were characterized by inflammatory cells invasion, loss of myofibrils and disorganization. However, these pathological changes were alleviated in sections from Ad-ACE2 and Cilazapril groups, and the alleviative degree of the pathological changes was less in the Cilazapril group than in the Ad-ACE2 group (Figure [2G](#F2){ref-type="fig"}).

TUNEL assay and AMPK, caspase3 and Bcl-2 protein expression {#s2_4}
-----------------------------------------------------------

TUNEL assay was performed and the results showed that radio of TUNEL positive cells were significantly decreased in the Ad-ACE2 and Cilazapril groups compared with the Mock and Ad-EGFP groups, with no significant difference between the Mock and Ad-EGFP groups or between the Ad-ACE2 and Cilazapril groups (Figure [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}). The pAMPK(Thr172)/AMPK radio in myocardium was significantly higher in the Ad-ACE2 and Cilazapril groups than in the Mock and Ad-EGFP groups. However, this radio was significantly lower in the Cilazapril group than in the Ad-ACE2 group (Figure [3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}). The c-caspase3/caspase3 radio in myocardium was also significantly decreased in the Ad-ACE2 and Cilazapril groups compared with the Mock and Ad-EGFP groups, with no significant difference between the Mock and Ad-EGFP groups or between the Ad-ACE2 and Cilazapril groups (Figure [3C](#F3){ref-type="fig"} and [3E](#F3){ref-type="fig"}). In contrast, Bcl-2 protein expression by western blot analysis was significantly increased in the Ad-ACE2 and Cilazapril groups compared with the Mock and Ad-EGFP groups, and was significantly decreased in the Cilazapril group compared with the Ad-ACE2 group (Figure [3C](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}).

![TUNEL staining and AMPK, caspase3, and Bcl-2 protein expression in five groups of rats 4 weeks after gene transfer\
(**A**) Apoptosis is detected by TUNEL staining in myocardial tissue sections from each group rat 4 weeks after gene transfer. Representative TUNEL staining images are shown. scale bar: 20 μm. (**B**) Quantitative analysis of TUNEL-positive staining cells. (**C**) The levels of pAMPK, AMPK, c-caspase3, caspase3 and Bcl-2 protein in myocardium were determined by Western blot and (**D**--**F**) quantitative analysis of pAMPK/AMPK, c-caspase3/caspase3 and Bcl-2 protein in C. The blot is a representative of three blots from three independent experiments. N is 8--15 in each group. \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril. ^&^*P* \< 0.05 vs. Ad-ACE2.](oncotarget-08-24548-g003){#F3}

Expression levels of inflammatory cytokines {#s2_5}
-------------------------------------------

The protein expression levels of VCAM-1 and TNF-α by immunohistochemical analysis in Ad-ACE2 and Cilazapril groups were significantly lower than those in the Mock and Ad-EGFP groups. However, the VCAM-1 and TNF-α protein expression in the Ad-ACE2 group was lower than in the Cilazapril group (Figure [4A--4C](#F4){ref-type="fig"}). Immunohistochemical results were further confirmed by western blot analysis, a similar distribution in all 5 groups (Figure [4D](#F4){ref-type="fig"}). Similarly, the protein expression level of ICAM-1 by western blot analysis in Ad-ACE2 and Cilazapril groups was significantly lower than in the Mock and Ad-EGFP groups, with no statistical difference between the Mock and Ad-EGFP groups or between the Ad-ACE2 and Cilazapril groups (Figure [4D](#F4){ref-type="fig"} and [4F](#F4){ref-type="fig"}).

![VCAM-1, TNF-α, ICAM-1 and ERK protein expression in five groups of rats 4 weeks after gene transfer\
(**A**) IHC analysis of VCAM-1 and TNF-α of myocardium cross-section from each group and (**B** and **C**) quantitative analysis of the results in A. Scale bar: 20 μm. (**D**) The levels of ERK, ICAM-1, VCAM-1 and TNF-α protein in myocardium were determined by Western blot and (**E** and **F**) quantitative analysis of ERK and ICAM-1 protein in D. The blot is a representative of three blots from three independent experiments. N is 8--15 in each group. \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril;^&^*P* \< 0.05 vs. Ad-ACE2.](oncotarget-08-24548-g004){#F4}

ERK protein expression {#s2_6}
----------------------

Compared with Mock and Ad-EGFP groups, phosphorylated ERK protein expression by western blot analysis was significantly reduced in the Ad-ACE2 and Cilazapril groups (Figure [4D](#F4){ref-type="fig"} and [4E](#F4){ref-type="fig"}), with no significant difference between the Mock and Ad-EGFP groups or between the Ad-ACE2 and Cilazapril groups.

NOX2, P47 and iNOS protein expression and SOD activity {#s2_7}
------------------------------------------------------

The protein expression levels of NOX2,P47 by western blot analysis were substantially lower in the Ad-ACE2 and Cilazapril groups than in the Mock and Ad-EGFP groups. Furthermore, the P47 protein expression in the Cilazapril group was higher than in the Ad-ACE2 group, while the protein expression level of NOX2 had no statistically difference between the Ad-ACE2 and Cilazapril groups (Figure [5A--5C](#F5){ref-type="fig"}). Additionally, SOD activity was significantly increased in the Ad-ACE2 and Cilazapril groups compared with the Mock and Ad-EGFP groups (Figure [5D](#F5){ref-type="fig"}). However, SOD activity in the Ad-ACE2 group was higher than in the Cilazapril group. As shown in Figure [5E](#F5){ref-type="fig"} and [5F](#F5){ref-type="fig"}, in the Mock and Ad-EGFP groups, iNOS protein expression by western blot analysis was significantly increased compared to Ad-ACE2 and Cilazapril groups, with no statistical difference between the Mock and Ad-EGFP groups or between the Ad-ACE2 group and Cilazapril group.

![NOX2, P47, iNOS, PI3K, and AKT protein expression and SOD activity in five groups of rats 4 weeks after gene transfer\
(**A**) The levels of NOX2 and P47 protein in myocardium were determined by Western blot and (**B** and **C**) quantitative analysis of NOX2 and P47 protein in A. (**D**) The levels of SOD activity in myocardium. (**E**) Western blotting analysis of the protein levels of iNOS in homogenates of myocardium from five group rats and (**F**) quantitative analysis of iNOS protein level. (**G**) The levels of pPI3K, PI3K, pAKT and AKT protein in myocardium were determined by Western blot and (**H** and **I**) quantitative analysis of pPI3K/PI3K, pAKT /AKT in F. The blot is a representative of three blots from three independent experiments. N is 8--15 in each group. \**P* \< 0.05 vs. Control, Ad-ACE2and Cilazapril; ^&^*P* \< 0.05 vs. Ad-ACE2.](oncotarget-08-24548-g005){#F5}

Expression levels of PI3K and AKT {#s2_8}
---------------------------------

The pPI3K /PI3K and pAKT/AKT radios in myocardium were significantly lower in the Mock and Ad-EGFP groups than in the control, Ad-ACE2 and Cilazapril groups (Figure [5G--5I](#F5){ref-type="fig"}). In addition, these results in the Ad-ACE2 group were significantly increased compared with the Cilazapril group. There was no statistical difference between the Mock and Ad-EGFP groups.

Echocardiographic measurements {#s2_9}
------------------------------

As shown in Figure [6](#F6){ref-type="fig"} and Table [1](#T1){ref-type="table"}, LV end-systolic diameter and LVEDD were significantly decreased, whereas LVEF and FS were increased in the Ad-ACE2 and Cilazapril groups in comparison with the Mock and Ad-EGFP groups. In addition, LVEDD were higher, whereas LVEF and FS were lower in the Cilazapril group than in the Ad-ACE2 group. However, ACE2 and cilazapril had no significant effect on blood pressure and heart rate in doxorubicin-induced cardiomyopathy rats (Table [1](#T1){ref-type="table"}).

![Cardiac function data in five groups of rats 4 weeks after gene transfer\
Representative echocardiographic graphs in 2D parasternal long axis view and M-mode of the left ventricle (LV) at the level of the papillary muscles. N is 8--15 in each group.](oncotarget-08-24548-g006){#F6}

###### Echocardiographic measurements in 5 groups of rats 4 weeks after gene transfer

  Groups       Control          Mock               Ad-EGFP            Ad-ACE2            Cilazapril
  ------------ ---------------- ------------------ ------------------ ------------------ ------------------
  HR (bpm)     366.78 ± 12.93   372.38 ± 20.72     362.19 ± 18.02     377.53 ± 11.28     356.28 ± 17.28
  sBP (mmHg)   124.73 ± 6.24    80.26 ± 3.27^\#^   77.28 ± 4.83^\#^   83.05 ± 5.50^\#^   84.37 ± 6.98^\#^
  dBP (mmHg)   96.08 ± 5.32     62.83 ± 3.37^\#^   57.37 ± 2.94^\#^   65.27 ± 4.21^\#^   63.89 ± 3.19^\#^
  LVEF (%)     72.34 ± 0.84     38.86 ± 2.22\*     35.81 ± 2.24\*     60.64 ± 0.79       50.5 ± 1.65^&^
  ES (%)       42.31 ± 0.49     19.48 ± 1.38\*     17.77 ± 1.24\*     36.24 ± 0.44       28.61 ± 1.25^&^
  LVESD (mm)   3.12 ± 0.27      5.52 ± 0.16\*      5.68 ± 0.57\*      4.11 ± 0.07        4.24 ± 0.17
  LVEDD (mm)   4.90 ± 0.51      7.53 ± 0.26\*      7.66 ± 0.19\*      6.08 ± 0.36        6.79 ± 0.26^&^

HR, heart rates; sBP, systolic blood pressure; dBP, diastolic blood pressure. LVEF, left ventricular ejection fraction; ES, left ventricular fractional shortening; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter. N is 8--15 in each group. Data were expressed by mean ± s.e.m. ^\#^*P* \< 0.05 vs. Control; \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril; ^&^*P* \< 0.05 vs. Ad-ACE2.

Expression levels of collagen {#s2_10}
-----------------------------

The result showed that the cardiac collagen deposition in Ad-ACE2 and Cilazapril groups was significantly lower than in the Ad-EGFP and Mock groups. Furthermore, the measurement in Ad-ACE2 group was significantly lower than in Cilazapril group. There was no statistical difference between the Ad-EGFP group and Mock group (Figure [7A](#F7){ref-type="fig"} and [7B](#F7){ref-type="fig"}). The protein expression levels of collagen I and III by immunohistochemical analysis in Ad-ACE2 and Cilazapril groups were significantly decreased compared with the Mock and Ad-EGFP groups. Furthermore, the collagen I protein expression in the Ad-ACE2 group was lower than in the Cilazapril group, while the protein expression level of collagen III had no statistically difference between the Ad-ACE2 and Cilazapril groups (Figure [7A](#F7){ref-type="fig"}, [7C](#F7){ref-type="fig"} and [7D](#F7){ref-type="fig"}). Immunohistochemical results were further verified by western blot analysis, a similar distribution in all 5 groups (Figure [7E](#F7){ref-type="fig"}).

![Masson\'s trichrome staining of myocardium and collagen protein expression in five groups of rats 4 weeks after gene transfer\
(**A**) Representative Masson\'s trichrome staining, and IHC analysis of collagen I and collagen III of myocardium cross-section from each group. Scale bar: 20 μm. (**B**--**D**) quantitative analysis of collagen, collagen I and collagen III in A. (**E**) Western Blotting analysis of the protein levels of collagen I and collagen III in homogenates of myocardium from five group rats. The blot is a representative of three blots from three independent experiments. N is 8--15 in each group. \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril; ^&^*P* \< 0.05 vs. Ad-ACE2.](oncotarget-08-24548-g007){#F7}

TGF-β1, MMP-9, MMP-1, TIMP-1 and TIMP-2 protein expression {#s2_11}
----------------------------------------------------------

The TGF-β1 protein expression in the Ad-ACE2 and Cilazapril groups was significantly lower than in the Mock and Ad-EGFP groups. In addition, the protein expression level of TGF-β1 in the Cilazapril group was higher than in the Ad-ACE2 group, with no statistical difference between the Mock and Ad-EGFP groups (Figure [8A1](#F8){ref-type="fig"} and [8A2](#F8){ref-type="fig"}). Western blot analysis of MMP9 protein expression (Figure [8B1](#F8){ref-type="fig"} and [8B2](#F8){ref-type="fig"}) in the Mock and Ad-EGFP groups were significantly lower than in the Ad-ACE2 and Cilazapril groups and were significantly increased in comparison with the control group, with no statistically difference between the Mock and Ad-EGFP groups or between the Ad-ACE2 and Cilazapril groups. Additionally, the MMP1 (Figure [8B1](#F8){ref-type="fig"} and [8B3](#F8){ref-type="fig"}), TIMP-1 (Figure [8C1](#F8){ref-type="fig"} and [8C2](#F8){ref-type="fig"}) and TIMP-2 (Figure [8D1](#F8){ref-type="fig"} and [8D2](#F8){ref-type="fig"}) protein expression levels were similar among the 5 groups.

![TGF-β1, MMP-9, MMP-1, TIMP-1 and TIMP-2 protein expression in five groups of rats 4 weeks after gene transfer\
(**A**1--**D**1) Western blotting analysis of the protein levels of TGF-β1, MMP-9, MMP-1, TIMP-1 and TIMP-2 in homogenates of myocardium from five group rats and (A2--D2 and B3) quantitative analysis of TGF-β1, MMP-9, MMP-1, TIMP-1 and TIMP-2 protein. The blot is a representative of three blots from three independent experiments. N is 8--15 in each group. \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril; ^&^*P* \< 0.05 vs. Ad-ACE2.](oncotarget-08-24548-g008){#F8}

ACE2, ACE, AngII, and Ang (1--7) expression {#s2_12}
-------------------------------------------

Western blot analysis showed that ACE2 protein expression in the Ad-ACE2 group was significantly increased compared with the control, Mock, Ad-EGFP and Cilazapril groups 4 weeks after gene transfection. In addition, ACE2 expression in the Cilazapril group was slightly increased compared to the control group but not compared to the Mock and Ad-EGFP groups (Figure [9A](#F9){ref-type="fig"}). In contrast, ACE protein expression was significantly higher in the Mock and Ad-EGFP groups than in the control, Ad-ACE2 and Cilazapril groups, with no statistically difference between the Mock and Ad-EGFP groups or between the Ad-ACE2 and Cilazapril groups (Figure [9B](#F9){ref-type="fig"}). As revealed by ELISA, myocardial and plasma Ang (1--7) levels showed significantly increase in the Ad-ACE2 group compared with the Mock and Ad-EGFP groups. In contrast, the measurements were only slightly higher in the Cilazapril group than in the Mock and Ad-EGFP groups, and were lower in the Cilazapril group than in the Ad-ACE2 group (Figure [9C](#F9){ref-type="fig"} and [9E](#F9){ref-type="fig"}). In contrast, myocardial and plasma AngII protein expression levels by ELISA were lower in the Ad-ACE2, Cilazapril and control groups than in the Mock and Ad-EGFP groups, and these were higher in the Cilazapril group than in the Ad-ACE2 group (Figure [9D](#F9){ref-type="fig"} and [9F](#F9){ref-type="fig"}).

![ACE2, ACE protein expression and the levels of AngII and Ang (1--7) in five groups of rats 4 weeks after gene transfer\
(**A**) The levels of ACE2 protein in myocardium were detected by Western blot 4 weeks after gene transfer and quantitative analysis of ACE2 protein. The blot is a representative of three blots from three independent experiments. 8--15 rats in each group. \**P* \< 0.05 vs. Control, Mock, Ad-EGFP and Cilazapril. ^\#^*P* \< 0.05 vs. Control. (**B**) Western blotting analysis of the protein levels of ACE in homogenates of myocardium from five group rats and quantitative analysis of ACE protein. \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril. (**C**--**F**) AngII and Ang (1--7) in the myocardium and plasma were detected by ELISA. N is 8--15 in each group. \**P* \< 0.05 vs. Control, Ad-ACE2 and Cilazapril; ^&^*P* \< 0.05 vs. Ad-ACE2.](oncotarget-08-24548-g009){#F9}

DISCUSSION {#s3}
==========

There were two key findings of the present study, the first was that ACE2 overexpression decreased apoptosis, inflammatory response, and oxidative stress in doxorubicin-induced cardiomyopathy. The second was that ACE2 overexpression attenuated myocardial fibrosis, improved left ventricular remodeling and cardiac function, and improved pathological symptoms and decreased mortality of rats by Kaplan-Meier survival curves in doxorubicin-induced cardiomyopathy. The mechanisms underlying these effects involved activation of the AMPK and PI3K-AKT pathways, inhibition of the ERK pathway, and decrease of TGF-β1 expression. Furthermore, ACE2 overexpression decreased myocardium AngII levels, increased myocardium Ang (1--7) levels, and reduced ACE expression in the rat model of doxorubicin-induced cardiomyopathy.

Apoptosis was a major cause of cardiac dysfunction in doxorubicin-induced animal models and patients of heart failure \[[@R19], [@R20]\]. Doxorubicin induced oxidative stress and the abnormal expression of pro-apoptosis protein cleaved caspase3 and anti-apoptosis protein bcl-2, which activated apoptotic signaling resulting in cardiomyocyte apoptosis in the heart \[[@R21]--[@R23]\]. High levels of NO production via inducible NO synthase(iNOS) is involved in cardiomyocyte oxidative damage and apoptosis \[[@R24]\]. Our results showed that ACE2 overexpression decreased iNOS expression. Activated NOX2 can generate ROS, which results in cardiomyocyte apoptosis \[[@R25]\]. NOX-produced ROS is regulated through transcriptional repression of the p47phox gene \[[@R26]\]. Previous study also showed that doxorubicin increased the expression of p47phox \[[@R27]\]. Moreover, increasing the activities of antioxidant enzymes, such as SOD, in the heart protect mice against doxorubicin-induced damage \[[@R28]\]. ACE2 overexpression prevented the hypoxia-induced cardiomyocyte apoptosis \[[@R29]\]. In contrast, ACE2 knockout aggravated AngII-induced reactive oxygen species and apoptotic cell death \[[@R30]\]. Our results demonstrated that ACE2 overexpression decreased TUNEL-positive cells, the activity of caspase3, the expression of NOX2 and P47, and increased bcl-2 expression and SOD activity. These results suggest that ACE2 may inhibit doxorubicin-induced cardiomyocyte apoptosis partially via inhibition of oxidative stress.

More recently, it was reported that AMP-activated protein kinase (AMPK) activation directly phosphorylates MAPK8, which mediates BCL2 phosphorylation, resulting in inhibition of cardiac apoptosis, and improvement in cardiac structure and function \[[@R31]\]. The inhibition of AMPK phosphorylation by doxorubicin was responsible for cardiomyocyte apoptosis and cardiac dysfunction \[[@R32]\]. Previous study found that ACE2 deficiency was associated with decreased phosphorylation of AMPK, increased cardiac lipotoxicity and myocardial insulin resistance, which worsened heart function \[[@R33]\]. In contrast, ACE2 activator ameliorates cardiac dysfunction in diabetic cardiomyopathy through increasing AMPK-α phosphorylation and activating PI3K/AKT pathway \[[@R34]\]. Activation of the PI3K/AKT pathway was involved in the protection against doxorubicin-induced apoptosis \[[@R35]\]. In this study, we found that ACE2 overexpression prohibited downregulation of AMPK and PI3K/AKT signaling pathways by doxorubicin, indicating that AMPK and PI3K/AKT signaling pathways activated by ACE2 overexpression may play an important cardioprotective effect on doxorubicin-induced cardiomyopathy.

Accumulating studies have demonstrated that infiltration of inflammatory cells was involved in doxorubicin-induced cardiac dysfunction \[[@R36]\]. Oxidative stress could directly induce inflammatory cytokines expression, which was significantly increased after doxorubicin injection \[[@R37]\]. ACE2 prevented AngII-induced inflammatory response \[[@R38]\]. Consistent with these findings, we found that the expressions of pro-inflammatory cytokines such as TNF-α, VACM-1 and ICAM-1 were markedly increased in doxorubicin-induced rats, and were markedly suppressed by ACE2 overexpression. ERK1/2, a member of mitogen-activated protein kinase family, are associated with activated inflammation \[[@R39]\]. Recent study also demonstrated that the expression levels of ERK1/2 upregulated by doxorubicin induced cell apoptosis \[[@R40]\]. Our results demonstrated that phosphorylation of ERK1/2 upregulated by doxorubicin was significantly suppressed by ACE2, indicating that ACE2 overexpression inhibits the inflammatory infiltration by inhibition of ERK1/2 expression.

Fibrosis plays a major role in adverse cardiac remodeling in doxorubicin-induced cardiomyopathy and post-MI myocardium \[[@R41]\]. In this study, ACE2 overexpression attenuated myocardial collagen deposition, improved LV remodeling and cardiac function, which were in line with the previous report \[[@R42]\]. Improvement in LV function was assessed by echocardiography, with improved LVEF and FS, coupled with reduction in LVESD and LVEDD by ACE2 overexpression. Cardiac fibrosis as a major contributor to end stage heart failure is affected by Matrix metalloproteinases(MMPs) and tissue inhibitor metalloproteinases(TIMPs), which results in degradation of extracellular matrix, collagen protein deposition, and cardiac dysfunction \[[@R43]\]. In this study, we found that ACE2 overexpression increased the MMP-9 expression, indicating that the collagen deposition inhibited by ACE2 overexpression is related to increased MMP-9 expression. Another crucial factor regulating collagen production in doxorubicin-induced cardiomyopathy is TGF-β1 \[[@R44]\]. TGF-β1, a protein secreted by cardiac myofibroblast and fibroblast, is involved in hypertrophy and fibrosis \[[@R45]\]. Our results showed that expression of TGF-β1 upregulated by doxorubicin was significantly decreased by ACE2, indicating that the improvement of cardiac fibrosis by ACE2 overexpression is associated with decrease of TGF-β1 expression.

ACE2 and ACE, a couple of enzymes with sequence homology and close functional relations, may regulate each other by feedback inhibition. Obviously, the balance between ACE and ACE2 is critical to the normal functional state of the RAS. In the present study, we found that ACE2 overexpression led to a shift in balance toward low ACE protein expression and hence a reduction in the concentration level of AngII. Furthermore, overexpression of ACE2 resulted in conversion of AngII to Ang (1--7). Previous studies demonstrated that direct delivery of Ang (1--7) into the myocardium had beneficial and independent cardiac protection effects in models of cardiac remodeling \[[@R12]\]. Ang (1--7) attenuated myocardial fibrosis and improved left ventricular remodeling and cardiac function in a rat model of diabetic cardiomyopathy \[[@R12], [@R46]\]. These results indicate that the effects of ACE2 overexpression on doxorubicin-induced cardiomyopathy may contribute to the net effect of decreased AngII and increased Ang (1--7) levels.

In this study, the therapeutic effects of ACE2 overexpression and cilazapril on doxorubicin-induced cardiomyopathy were first compared, and the results showed that treatment with cilazapril was able to reduce doxorubicin-induced cardiomyopathy, which are consistent with the cardioprotective effects of RAS blockade observed in models of doxorubicin-induced cardiomyopathy \[[@R47]--[@R49]\]. However, the degree of protection was significantly less than that observed following treatment with ACE2 overexpression. The difference may be due to that ACEI can inhibit AngII synthesis catalyzed by ACE in cardiac fibroblasts, but cannot inhibit AngII synthesis catalyzed by chymase in cardiac myocytes \[[@R50], [@R51]\]. Thus, ACEI may not completely prohibit RAS activation in doxorubicin-induced cardiomyopathy. However, ACE2 cleaves AngII into vasodilating and antiproliferative Ang (1--7). For these reasons, we could illustrate the more beneficial effects of ACE2 overexpression than ACEI on doxorubicin-induced cardiomyopathy in rats, which is consistent with the previous report \[[@R42]\].

Therapies with direct intramyocardial injection of ACE2 gene via adenovirus or lentivirus vectors have been studied in experimental heart failure \[[@R42], [@R52]\]. The direct intramyocardial injection can deliver genes selectively into target areas; however, this method induces mechanical damage and acute inflammatory response \[[@R53], [@R54]\], which may further cause the release of bio-markers of myocardial damage \[[@R17], [@R54]\]. Therefore, these side effects may become limitation of direct intramyocardial injection of gene therapies. Thus, looking for better treatment approaches of delivering ACE2 gene into heart need further studies.

In conclusion, our study demonstrates that ACE2 overexpression decreases the mortality of rats with doxorubicin-induced cardiomyopathy by decreasing apoptosis, inflammatory response, oxidative stress, myocardial fibrosis and improving left ventricular remodeling and cardiac function. And ACE2 overexpression is superior to cilazapril in protecting against doxorubicin-induced cardiomyopathy. The mechanisms underlying these therapeutic effects involve activation of the AMPK and PI3K-AKT pathways, inhibition of the ERK pathway, and decrease of TGF-β1 expression. In addition, these beneficial effects of ACE2 on doxorubicin-induced cardiomyopathy are likely to root in the interactions of shifting RAS components, such as decreased myocardium AngII levels, increased myocardium Ang (1--7) levels, and reduced ACE expression. Thus, ACE2 may be a novel therapeutic approach in the prevention and treatment of doxorubicin-induced cardiomyopathy.

MATERIALS AND METHODS {#s4}
=====================

Preparation of ACE2 adenovirus vectors {#s4_1}
--------------------------------------

The murine ACE2 cDNA was amplified by reverse-transcription polymerase chain reaction (RT-PCR) from RNA of a mouse kidney with the following primers: ACE2 F: 5′-GAAAGTTGCTCAGTGGATGGGAT-3′; ACE2 R: 5′- TTTGCTAAAAGGAAGTCTGAGCATC-3′. Recombinant adenoviruses (Ad) carrying the murine ACE2 (Ad-ACE2) or a control transgene EGFP (Ad-EGFP) were prepared with the AdMax system (Microbix Biosystems) according to our previously described experimental method \[[@R14]\].

Animal models of doxorubicin-induced cardiomyopathy and gene treatment {#s4_2}
----------------------------------------------------------------------

190 male Wistar rats (8--10 weeks of age, 250--300 g body weight) were obtained from Shandong University Animal Center and housed in temperature-controlled cages with a 12-h light-dark cycle and given free access to water and regular diet. The cages were kept dry and clean. The animal protocol was reviewed and approved by the University of Shandong Institute Animal Care and Use Committee.

All rats were randomly divided into treatment group (*n* = 170) and control group (*n* = 20). Doxorubicin (Sigma, Saint Louis, USA) was injected intraperitoneally (i.p.) via six equal doses (each containing 2.5 mg/kg Doxorubicin) within a period of two weeks, as previously described \[[@R55]\]. Age-matched rats injected with saline were used as control. Two weeks after the initial injection of doxorubicin, the remaining rats in the treatment group were randomly divided into Mock, Ad-EGFP, Ad-ACE2, and Cilazapril groups (*n* = 40 each group). As shown in Figure [10](#F10){ref-type="fig"}, rats in the Ad-EGFP and Ad-ACE2 groups were anesthetized with an intraperitoneal injection of 10% chloral hydrate (300 mg/kg) and mechanically ventilated with a VIP Bird ventilator (Bird Products Corp., Palm Spring, CA, USA) with a tidal volume, 3.0 ml and respiratory rate of 60 cycles/min. Anterior thoracotomy was performed under sterile conditions to open the pericardium and expose the heart. A total of 2 × 10^9^ pfu of Ad-EGFP and 2 × 10^9^ pfu of Ad-ACE2 in a final volume of 200 μl was delivered by a 30-gauge needle into six sites at depth of 1--2 mm in the left ventricular free wall as previously described \[[@R42]\]. The Mock group underwent the same surgical procedure but received an intramyocardial injection of normal saline only. The Cilazapril group was given cilazapril (Sigma, Saint Louis, USA) by intragastric intubation at a dose of 10 mg·kg^−1^·d^−1^.

![The protocols of animal experiments\
The protocols of adenovirus myocardial infection and doxorubicin administration in the Ad-EGFP and Ad-ACE2 groups.](oncotarget-08-24548-g010){#F10}

Two weeks after adenovirus injection, eight rats from each group were euthanized for assessing the efficiency of Ad-ACE2 transfection, and the remaining rats in the treatment and control groups were euthanized 4 weeks after gene therapy. The myocardium of the left ventricle was collected for pathological and biochemical analysis.

Blood pressure measurement {#s4_3}
--------------------------

Heart rate, systolic blood pressure and diastolic blood pressure were measured in conscious rats using a noninvasive tail-cuff system with a special device designed for mice (Softron BP-98A. Tokyo, Japan). Blood pressures and heart rates were reported as mean of 3 consecutive measurements.

Echocardiographic imaging {#s4_4}
-------------------------

At the end of experiment, rats in the five groups underwent transthoracic echocardiographic scanning after anesthesia with intraperitoneal injection of 10% chloral hydrate (300 mg/kg), and two-dimensional echocardiography was performed with a 7.5-MHz phased-array transducer connected to a sector scanner (SONOS 7500, Philips Medical Systems, Andover, MA). The left ventricular end-diastolic diameter (LVEDD) and left ventricular end-systolic diameter (LVESD) were obtained from the parasternal long-axis view and the left ventricular fractional shortening was calculated according to the following formula: FS = (LVDd − LVDs)/LVDd × 100. Left ventricular ejection fraction (LVEF) was calculated according to the following formula: LVEF = (LVVd − LVVs)/LVVd × 100. All measurements were averaged for 3 consecutive cardiac cycles by an experienced technician who was blinded to study grouping.

Real-time quantitative PCR {#s4_5}
--------------------------

Total RNA was isolated from freshly isolated myocardial samples by use of Trizol reagent (Invitrogen) according to the manufacturer\'s protocol. The extracted mRNA was dissolved in RNase free water, and concentrations of the total RNA were detected using a spectrophotometer. One microgram of mRNA was used for reverse transcription using PrimeCriptTM RT reagent kit with gDNA Eraser (TaKaRa, Japan) containing a mixture of oligo and random primers. Amplification was performed using an iCycler iQ real-time PCR detection system. In the experiment, mRNA expression of β-actin and ACE2 was determined by means of SYBR Green technology (TaKaRa, Japan). β-actin was used as an internal control. Quantitative values were obtained from the threshold cycle value (Ct) and the 2^−∆∆CT^ method was used to determine relative gene expression levels. Primers for ACE2 and β-actin were as follows: ACE2, forward 5′-CGTATGGGTGAGTGATTTG-3′, reverse 5′-AGGAGGCTCGTAAGGTG-3′; β-actin, forward 5′-TGTTGCCCTAGACTTCGAGCA-3′, reverse 5′-GGACC CAGGAAGGAAGGCT-3.

ACE2 activity assay {#s4_6}
-------------------

ACE2 activity was determined by use of assays based on internally quenched fluorescent substrates \[Abz-Ser-Pro-3-nitro-Tyr-OH, M-2660 for ACE2 from Bachem, Torrance, CA\] as described by Yan et al. \[[@R56]\] for ACE2 activity.

Western blot analysis {#s4_7}
---------------------

Total proteins were extracted from myocardial tissues. Protein samples were separated on 10% SDS-PAGE and transferred to nitrocellulose membranes. After incubation in 5% skim milk for 1.5 h at room temperature, membranes were incubated overnight at 4°C with the primary antibodies (Table [2](#T2){ref-type="table"}). After a wash and incubation with Specific conjugated peroxidase-labeled secondary antibodies, protein bands were visualized by use of the ECL reagents (Millipore Corp., MA, USA). GAPDH expression was used to ensure equal protein loading. Protein expression levels were determined by densitometry. All experiments were repeated for three times and the mean values derived.

###### Antibodies used for western bloting

  Antibody       Dilution   Cat.no.    Inc.
  -------------- ---------- ---------- --------------------------------
  GAPDH          1:1000     2118S      Cell Signaling Technology, USA
  ACE2           1:1000     ab108252   Abcam
  collagen I     1:1000     ab34710    Abcam
  collagen III   1:1000     ab7778     Abcam
  ICAM-1         1:1000     ab53013    Abcam
  VCAM-1         1:1000     ab134047   Abcam
  TNF-α          1:1000     ab6671     Abcam
  Nox2           1:500      sc-20782   Santa Cruz Biotechnology
  p47            1:500      sc-14015   Santa Cruz Biotechnology
  TGF-β1         1:1000     ab92486    Abcam
  MMP-1          1:1000     ab52631    Abcam
  MMP-9          1:1000     ab119906   Abcam
  TIMP-1         1:1000     sc-5538    Santa Cruz Biotechnology
  TIMP-2         1:1000     sc-5539    Santa Cruz Biotechnology
  pERK           1:1000     4370S      Cell Signaling Technology, USA
  ERK            1:1000     4695S      Cell Signaling Technology, USA
  pAMPK          1:1000     2535L      Cell Signaling Technology, USA
  AMPK           1:1000     5832S      Cell Signaling Technology, USA
  c-caspase3     1:1000     ab2302     Abcam
  caspase3       1:1000     ab13847    Abcam
  Bcl-2          1:1000     ab32124    Abcam
  iNOS           1:1000     ab15323    Abcam
  pPI3K          1:1000     4228S      Cell Signaling Technology, USA
  PI3K           1:1000     4257S      Cell Signaling Technology, USA
  pAKT           1:1000     4051L      Cell Signaling Technology, USA
  AKT            1:1000     4691S      Cell Signaling Technology, USA
  ACE            1:1000     ab75762    Abcam

TUNEL assay {#s4_8}
-----------

TUNEL assay was performed using an Roche *in situ* cell death detection kit, POD (Mannheim, Germany) according to the manufacturer\'s instructions. Briefly, the sections were dewaxed and rehydrated using xylene and ethanol gradings, permeabilized using proteinase K and incubated with the TUNEL reaction mixture containing TdT and fluorescein labeled dUTP for 1 hour at 37°C. Sections were washed by PBS for 3 times and incubated with the converter-POD for 30mins at 37°C followed by DAB+ chromogen detection. After final washes, sections were counterstained with hematoxylin. Images were captured with a microscope (BX41, Olympus) and with digital camera (Spot Insight 2, Diagnostic Instruments, Inc.). For negative control, TdT was not included in the reaction mixture. The TUNEL-positive cells were quantified by randomly counting 12 different microscopic fields (magnification, 400×) for each section. Then the ratio of apoptotic cells was calculated by dividing the number of TUNEL-positive nuclei by the total number of counted nuclei.

Histopathology and immunohistochemistry (IHC) {#s4_9}
---------------------------------------------

After being fixed in formalin and embedded in paraffin, tissue samples from the myocardium were cut into serial sections 4.5 μm thick and stained with hematoxylin-eosin. The sections were stained with Masson\'s trichrome to display the collagen components, which were quantitated by measuring the proportion of area positively stained with Masson\'s trichrome to the total left ventricular area in the section. Immunohistochemical staining with rabbit ACE2 antibody (Abcam), rabbit collagen I and III antibodies (Abcam) and rabbit VCAM-1 and TNF-α antibodies (Abcam) was used to determine the expression of ACE2, collagen I and III, VCAM-1 and TNF-α, respectively. All histopathological sections were viewed with a microscope (BX41, Olympus) and with digital camera (Spot Insight 2, Diagnostic Instruments, Inc.). Vessel areas were measured with Image Pro Plus software (Media Cybernetics Inc.).

Measurements of SOD assay {#s4_10}
-------------------------

The SOD activity in the heart was measured according to the method using a kit (NJBC, Nanjing, China). Tetrazolium salt can be made to form a red formazan dye by superoxide radicals generated by xanthine oxidase and hypoxanthine. The red formazan dye was measured and evaluated at the optical density of 550 nm by a spectrophotometer. The SOD activity was expressed as IU/mg protein.

AngII and Ang (1--7) levels by ELISA {#s4_11}
------------------------------------

The concentration of AngII and Ang (1--7) in the rat myocardium and plasma was determined by using commercial enzyme-linked immunosorbent assay (ELISA) kits (Bachem, USA) following the manufacturer\'s recommendations \[[@R57]\]. In brief, the myocardium had been frozen and powdered in liquid nitrogen, the powdered tissue was mechanically homogenized with Iscove\'s culture medium containing a protease inhibitor cocktail (Sigma) on ice, using a homogenizer (Omni International Inc., Warrenton, VA, USA). Homogenized samples were centrifuged at 10,000 rpm for 10 min at 4°C. Each supernatant was then transferred into a fresh eppendorf-tube and stored at −80°C. Blood was obtained in a cocktail of protease inhibitors, and the levels of myocardial and plasma AngII and Ang (1--7) were determined by ELISA.

Statistical analysis {#s4_12}
--------------------

Statistical analyses invovled use of SPSS 20 (SPSS Inc, Chicago, IL). Data were reported as mean ± SEM in bar graphs. Comparisons of parameters among more than two groups were analyzed by one-way ANOVA with least significant difference post-hoc analysis. Survival curves were plotted using Kaplan-Meier analysis (Log-Rank with Mantel-Coxtest). *p* value \< 0.05 was considered significant.
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